Composite materials are increasingly used in modern aircraft for reducing weight, improving fuel efficiency, and enhancing the overall design, performance, and manufacturability of airborne vehicles. Materials such as fiberglass reinforced composites (FRC) and carbon-fiber-reinforced polymers (CFRP) are being used to great advantage in airframes, wings, engine nacelles, turbine blades, fairings, fuselage and empennage structures, control surfaces and coverings. However, the potential damage from the direct and indirect effects of lightning strikes is of increased concern to aircraft designers and operators. When a lightning strike occurs, the points of attachment and detachment on the aircraft surface must be found by visual inspection, and then assessed for damage by maintenance personnel to ensure continued safe flight operations. In this paper, a new method and system for aircraft in-situ damage detection and diagnosis are presented. The method and system are based on open circuit (SansEC) sensor technology developed at NASA Langley Research Center. SansEC (Sans Electric Connection) sensor technology is a new technical framework for designing, powering, and interrogating sensors to detect damage in composite materials. Damage in composite material is generally associated with a localized change in material permittivity and/or conductivity. These changes are sensed using SansEC. Unique electrical signatures are used for damage detection and diagnosis. NASA LaRC has both experimentally and theoretically demonstrated that SansEC sensors can be effectively used for in-situ composite damage detection.
I. Introduction
HE aerospace industry has seen a steady increase in the use of composite materials. Modern air vehicles increasingly rely on the use of composite materials to provide high strength and stiffness structures with minimal weight. Today's aircraft incorporates substantial amounts of carbon, aramid, or fiberglass composite materials. Airframe manufacturers have transitioned from using composite substrates for only cosmetic coverings and fairings to major aircraft assemblies and entire aircraft fuselage. 1, 2 The increased use of composites means an increased potential for damage and/or failure of composite aircraft structures and materials. It is difficult to predict the degree of composite damage or incipient faults while the aircraft is in use. This can be especially significant when the aircraft encounters a lightning environment. Statistics on lightning strikes indicates that an aircraft is likely to receive one or two lightning strikes in a year on average. Depending on geographical regions, flight altitudes, routes, and traffic patterns, the frequency of strike occurrences can be higher than the average. Lightning strikes are a safety hazard to the aircraft especially for those that have a considerable amount of composite material structures. 3 A means of in-situ health monitoring of composite materials for damage detection in real time would be highly desirable for enhancing aircraft safety. 4, 5 An open circuit resonant sensor has been developed for the purpose of detecting and diagnosing damage in nonconductive and conductive aerospace composite materials. The NASA developed SansEC sensor placed on a material surface is capable of determining physical characteristics and qualities about the material upon which it is placed. [6] [7] [8] [9] [10] The detection of the differences in frequency and amplitude of the induced currents within a material substrate offers a means of detecting damage or changes to the state and condition of the material substrate. SansEC sensors are themselves damage tolerant robust resonant sensors that can detect and identify delamination, punctures, cracks, and rips in composite materials. In this paper we describe the research that has been conducted thus far demonstrating the feasibility of SansEC sensors for use in the detection of damage to modern aircraft composite materials and structures. We identify two primary forms of composite materials, non-conductive and conductive, and we show particular configurations of SansEC sensors with the ability to penetrate and sense both nonconductive and conductive composites. T NASA Langley Research Center has developed a multifunctional new technology for aircraft lightning strike protection, damage detection and diagnosis for composite structures. The concept is to apply a SansEC sensor array, as shown in Fig. 1 , to the aircraft surface forming a "Smart Skin" layer for the composite parts having external surface. The SansEC sensor array includes a number of individual SansEC sensors and each individual SansEC sensor is an open-circuit conductive pattern sans (without) electrical connections. The SansEC sensor is an electromagnetic resonator having specific resonant characteristics. Because of its "open-circuit" character, there is no single point on the sensor that if damaged will render the sensor non-functional. Each time the sensor is damaged, for example, by a puncture or partial split on the sensor body, it shifts the resonant frequency to a new frequency range. This frequency shifting response is used as the signature in detecting structural damage of the sensor and composite parts. When SansEC sensor is under resonant state, it produces both electric and magnetic fields which penetrate into the space beyond the sensor surface. Since the sensor is on the surface of composite parts, the electric field and magnetic field will penetrate into the composite material and therefore the damage underneath the surface (the inner damage of the composite material that cannot be visually detected) can also be detected.
II. SansEC Sensor System for Lightning Protection and Damage Detection

A. The SansEC Sensor "Smart Skin" for Aircraft Lightning Protection and Damage Detection
SansEC sensor is a wireless passive solution having each sensor in the array wirelessly powered and interrogated by an antenna through the magnetic near field. For interrogation of the sensor array on the aircraft surface, two methods can be used. The first method is for the in-situ measurement where the sensors are interrogated through the antennas embedded in the sensor array. In this method, the sensor response is monitored in real-time during the flight. After a lightning strike occurs, the interrogation system can scan the sensor array and compare the scanning result with the normal base line stored in a database. An alarm will be given if serious damage is detected. The second method is for ground inspection and maintenance where the scanning of the sensor array is performed either by a robot arm or a person using an external antenna. The second method is for the health check after lightning strike to detect the potential damage that cannot be visually discovered. The two interrogation methods are not exclusive to each other and the sensor system can use different methods in different health checking stages.
B. Multifunctional SansEC Sensor Array
Traditional methods for lightning protection rely on the metal mesh on the composite structures, which provides lightning protection and shielding effectiveness functions. 11 However, the SansEC sensor array method provides lightning protection and shielding effectiveness to composite structures, as well as many additional functions, such as, damage detection. Table 1 summarizes the comparison of SansEC sensor array method with the traditional metal mesh method. The SansEC sensor array is applied on the composite structure of aircraft as a "smart-skin' layer. The SansEC sensor can detect damage for both in-situ health monitoring and ground inspection. As a unique feature, the SansEC sensors are still functional when damaged. For some applications, such as lightning protection and damage detection, it is meaningful for the sensor to continue to provide useful measurement information even after it is damaged.
The SansEC sensor also provides other potential functions. Examples include the measuring of aero dynamic loads, fuel quantity indication, and icing. Furthermore, the SansEC sensors are also capable of lightning current steering, moisture detection, and hail damage detection, which are hazards to aviation safety. [12] [13] [14] 
III. SansEC Sensor Electric and Magnetic Field Penetration
A. Principle of Open-circuit (SansEC) Resonator for Sensing
Electric-magnetic resonant theory is well established for the traditional electric-magnetic resonators such as resonant cavity and LCR (inductance-capacitance-resistance) resonant circuit. [15] [16] [17] The open-circuit resonator is an emerging technology having unique features and applications. The open-circuit resonator is composed of a single self-resonant coil made of conductive material usually in a planar spiral pattern or helix structure. The open-circuit resonator is interrogated by the magnetic near field and has no electrical connection with interrogation circuits. An important feature of the open-circuit resonator is that the resonators coupled by magnetic field have high efficiency power exchange and this feature is the foundation for the wireless power transfer. 18 Another important feature is that the resonant parameters including resonant frequency, response amplitude, phase, and bandwidth are very sensitive to the environmental parameters, and this is the foundation for using an open-circuit resonator for sensing purposes.
The electro dynamic process of the open-circuit resonator is governed by Maxwell equations with zero current boundary conditions at both ends of the resonator. The free electrons carried by the conductor are uniformly distributed along the conductive trace without the external sources. Driven by an oscillating magnetic field, the induced electromotive force (emf) pushes the electrons carried by the conductor into the resonant state where the electrons move back and forth along the conductive trace. The time-dependent current profile along the conductive trace has the following form:
(1) where, x ϵ [-l/2, l/2] is the parameterization coordinate along the length of the conductive trace; l is the trace length; I 0 is the maximum current amplitude; ω is the angular frequency. The induced current along the conductive trace has the peak magnitude at the middle part of the trace and has zero value at both ends of the trace. During each oscillation cycle, the total current will reach the peak magnitude twice (in opposite directions) and at these moments the energy stored in the resonator is in the form of magnetic field. From the continuity equation, the charge density profile has the following form:
(2) where, q 0 is the maximum charge density value. The charge distribution creates the potential difference along the trace and consequently induces the electric field between the different localized segments of the trace. During each oscillation cycle, the electric field reaches its peak magnitude twice and at these moments the energy stored is in the electric field. Figure 2 shows an example of an open-circuit resonant sensor modeled in FEKO, a commercial computational electromagnetic software. The sensor (78 mm × 78 mm) has a square spiral pattern with 12 turns of conductive traces. The distance between neighboring traces (center line) is 3 mm. A loop antenna (50.8 mm ×50.8 mm) is used to power and interrogate the sensor with a 1 V source. The distance between the sensor and antenna is 12.7 mm (0.5 inches). Figure 3 shows the current distribution along the conductive trace of the sensor driven by the magnetic field produced by the loop antenna. This result confirms the current has zero magnitude at the two ends of the conductive trace and has the maximum value in the middle part. Open-circuit sensor
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When resonating, the open-circuit sensor produces both electric and magnetic fields which occupy the space between the conductive traces and also penetrate into the space near the resonator. For the planar spiral sensor, the magnetic field and electric field will penetrate into the space beyond the planar surface of the sensor. This is an important feature for sensing purposes because it allows the sensor to measure the properties of the materials placed in close proximity to it. Figures 4 and 5 show the electric and magnetic field distribution for the example as previously shown in Fig. 2 when the resonant sensor is driven by the loop antenna at its resonant frequency of 52.8912 MHZ. In this specific case, the electric and magnetic field can penetrate into the space to a depth of about a half inch.
Any physical quantity that affects the material's permittivity, permeability, and conductivity will affect the sensor's resonant parameters and therefore can be measured. Electric theory describes the LCR resonator by its lumped parameters of inductance, capacitance, and resistance. For a self-resonant coil, the equivalent lumped parameters can be calculated based on the distributed parameters, as shown in Eq. (3) and Eq. (4), where J(r) and ρ(r) are the current and charge density functions along the conductive trace. 18 (3)
However, the current and charge density functions are not measurable in actual experiments. Therefore, the equivalent inductance and capacitance values of self-resonator coil are the calculated values and are used only for principle analysis. From Eq. (3) and Eq. (4), it can be clearly seen the dependency of inductance and capacitance upon the material's relative permeability µ r and relative permittivity ɛ r . If the material in the electric and magnetic field changes its permeability and/or permittivity, the resonator equivalent LC value will change correspondingly, so will the resonant parameters. It is notable that Eq. (3) and Eq. (4) are for the cases where the resonant sensor trace is totally embedded in the material having isotropic properties. For most actual applications, for example, the material is put on one side of the resonant sensor, the dependency function between the sensor parameters and the material properties is not obvious and needs to be characterized and calibrated by experiments or computational methods. 
B. Electric and Magnetic Field Penetration Depth on Non-conductive Composite material
Materials such as fiberglass reinforced composite (FRC) are non-conductive materials. Figure 6 shows the model of the open-circuit sensor on the non-conductive composite substrate, which is modeled by an ideal dielectric material. Because of the dielectric of the substrate, the open-circuit sensor will have larger capacitance referring to Eq. (4) and therefore lower resonant frequency. The sensor is coupled to the loop antenna through the magnetic near field and the induced current (total current) in the sensor will have the maximum magnitude near its resonant frequency. At resonant state, the energy radiation of the sensor reaches its maximum value and so does the energy transferred to heat by the intrinsic resistance of the sensor trace. The resonant frequency of the sensor is indicated by the minimum amplitude of the reflection coefficient (S11) at the terminals of the loop antenna. Figure 7 shows the reflection coefficient (S11) curves for the sensor in free space and on the dielectric substrate, respectively. It can be seen that the dielectric substrate shifted the sensor resonant frequency from 61.1357 MHz to the lower frequency of 55.2324 MHz. Figure 8 and 9 show the magnetic field and electric field distribution of the sensor at its resonant frequency. This result suggests a half inch depth is measurable for non-conductive composite, which is more than the typical thickness for FRP aircraft skin structures. To illustrate the open circuit sensor affecting the penetration depth of the electric and magnetic field, we show the electric and magnetic field distribution without the open circuit sensor (only the loop antenna running at the same frequency) in Fig. 10 a) and b). Comparing to the results in Fig. 8 and 9 , it can be seen that the open circuit sensor made significant contribution to extend the penetration depth of both electric and magnetic fields.
C. Magnetic Field Penetration Depth on Conductive Composite material
Materials such as carbon-fiber-reinforced polymers (CFRP) are conductive materials. When an oscillating magnetic field hits a conductive material, the magnetic field can penetrate only a limited distance described by the "skin depth" effect. The skin depth is defined as the depth below the surface of the conductor at which the current density has fallen to 1/e of the current at the surface. For a general dielectric material with conductivity, the skin depth δ is governed by the following equation: (5) For conductors having high conductivity which satisfies , the skin depth equation can be simplified to:
The SansEC sensors currently used in this application have a frequency range of 100 kHz to 200 MHz. Aircraft composite structures have a typical conductivity of 2.54×10 4 S/m. 19 With the given frequency range and conductivity, the parameters satisfy the condition of and Eq. (6) can be used to calculate the skin depth. Figure 11 shows the skin depth -frequency curves for the material conductivity of 1×10 3~1 ×10 5 S/m. The red curve is for the typical conductive composite structures having the conductivity of 2.54×10 4 S/m. It can be seen that the maximum skin depth is 10 mm at frequency of 100 kHz which is toward the lower frequency limit. At frequencies of 1 MHz, 10 MHz, and 100MHz, the skin depth values are 3 mm, 1 mm, and 0.3 mm, respectively. Figure 11 provides a roadmap for designing SansEC sensors on composite structures for different conductivities. Given specific conductivity and the penetration depth requirement, the sensor's working frequency can be determined. For example, if a penetration depth of 5 mm is required for the composite having conductivity of 2.54×10 4 S/m, the sensor should be designed to resonate at the frequency of 400 KHz. It is notable that the skin depth is defined by the factor of 1/e which is about 36.8% amplitude attenuation. The actual magnetic field penetrates deeper than the skin depth defined in this manner into the material and decreases exponentially. For sensing purpose, the detectable depth may be extended beyond the skin depth, for example, to 2δ or 3δ. A challenge with penetration into conductive composite materials is that the electromagnetic field is attenuated by the loss mechanism of the conductive substrate. When the composite substrate has high conductivity, the conductive surface of the substrate may absorb all of the electromagnetic field energy and render the sensor's response non-detectable. For example, if a SansEC sensor made of copper is put on the surface of a copper substrate, the sensor's response characteristics will be totally lost. To solve this problem, we propose a new method of using both dielectric material and high permeability material between the sensor and the conductive substrate to control the field coupling. The dielectric material layer is used to insulate the conductive sensor trace from the conductive substrate. The high permeability material layer is used to concentrate the magnetic field inside the high permeability material. By partially covering the sensor area with high permeability material, the magnetic field can be effectively coupled into the composite. Experiments and results are shown in Section IV C and the more detailed theory study and simulation are considered for future study.
IV. Sensor and Composite Damage Detection
A. Sensor Structural Damage Detection
During a lightning strike, the lightning current is channeled onto the aircraft surface through an attachment point and flows along the aircraft surface to the detachment point. The damage can be potentially caused by three mechanisms: 1) the mechanical force of the strike, 2) the heat produced by the electrical current, and 3) the electric Lorentz force. Since the SansEC sensor is on the surface of the composite substrate, the sensor will be the first line of protection during the lightning strike. Because of the impedance of the sensor and substrate, huge amounts of heat are produced by the lightning current, and the heat can damage all or a portion of the sensor trace. In the cases where all of the sensor trace is damaged, the sensor will lose its resonant feature and has no response to the interrogator. When only a portion of the sensor trace is damaged, the remaining sensor trace forms a new SansEC sensor shifting the operational resonance to a new frequency. Therefore, the structural damage of the sensor can be effectively detected by monitoring the sensor's resonant frequency. In actual situations, once the damaged sensor pattern is defined, a new baseline can be established and its response feature can be predicted. Figure 12 shows the model of a damaged sensor, which is one of the many possible damaged patterns. In this example, the sensor is damaged at its corner part having four broken traces. The sensor response from the simulation result is shown in Fig. 13 , where the resonant frequency shifted from 52.8571 MHz to 112.374 MHz. It can be seen that the sensor is very sensitive to the structural damage of the sensor trace. In general, even a small damage on the sensor body which breaks some of the sensor traces will have a significant shift on the resonant frequency. Figure 14 shows the current distribution of the damaged sensor at different scales. It can be seen, from Fig. 14 a) , that the inner part of the damaged sensor formed a new open circuit resonant sensor. Figure 14 b ) shows that the outer parts (broken traces) are also contributing to the sensor response carrying the induced current. Figure 15 shows the model for the substrate having inner structural damage which is modeled by a free space slot. The slot has a size of 2.54 mm × 50.8 mm × 50.8 mm (0.1 inches × 2 inches × 2 inches) and is 2.54 mm (0.1 inches) from the substrate top surface. The localized permittivity change will change the effective permittivity of the substrate and consequently affect the resonant parameter of the sensor. In Fig. 16 , we show the reflection coefficient curves of the sensor on the substrate with and without the inner damage slot. The resonant frequency of the sensor is shifted from 54.9254 MHz to 52.8643 MHz and the shift is about 2 MHz. By measuring this frequency shift, the inner damage of the composite substrate can be effectively identified. Figure 17 and 18 show the magnetic and electric field distribution of the sensor, where the electric field has an obvious higher than normal density in the slot area. In future study, the smallest detectable damage limit due to flaws in the material will be investigated both experimentally and computationally. This will address realistic damages in composites such as voids, delaminations, broken fibers, and heat damage.
B. Damage Detection in Composite by SansEC Sensor Electric and Magnetic Field
C. Experiment Results on SansEC Sensor Working on Conductive Composite with High Permeability Material
As discussed in Section III C, there is a significant technical challenge for a SansEC sensor to work on the surface of a conductive composite substrate because of attenuation. To overcome this problem, we proposed the method of using a thin film sheet of high permeability material placed above the composite and beneath the SansEC sensor, as shown in Fig. 19 a) for the actual experimental setup and in Fig. 19 b) for the configuration schematic. In this experiment, a transmit-receive method is used to power and interrogate the SansEC sensor instead of using the inductive coupled impedance measurement method. 20 a) Actual experimental setup b) Schematic of configuration. Using a transmit-receive method, the sensor works in the driven resonant state for transmission and in the selfresonant state for receiving. The magnetic fields produced by the sensor in the self-resonant state are captured as the sensor response in the time domain and are transferred into the frequency domain to show the resonant signatures. A low frequency SansEC sensor is used and different percentages of coverage by the high permeability material are tested. The sensor area that is not covered by the high permeability material is exposed to the thin dielectric layer and then the conductive composite substrate. The experiment results of the SansEC sensor are shown in Fig. 20 , where the frequency plot presents the resonant response amplitude in dB collected for three different placements of the high permeability sheet representing 100%, 50%, and 20% coverage areas.
From the above results, it can be seen that: 1) the SansEC sensor with a high permeability material layer had clear responses, which confirmed that the high permeability material can be used on the conductive composite surface to reduce the effective attenuation and increase the sensor response; 2) the sensor having more area covered by the high permeability material had higher response amplitude than the sensor having less area covered by the high permeability material. The feasibility is confirmed for using high permeability material to control the magnetic field coupling between the sensor and the composite substrate. Increasing the high permeability material coverage can effectively reduce the attenuation caused by the conductive composite substrate and consequently increase the sensor response amplitude.
The magnetic field coupling between the sensor and composite substrate is always a "trade-off" requiring optimized engineering design. For the sensing purpose, it is needed for the strong magnetic field coupling to allow the field to penetrate deeply into the composite substrate. However, if the coupling is too strong, it will render the sensor's response to be non-detectable. For keeping the sensor response and having good signal-to-noise ratio, the coupling ratio must be controlled to an acceptable limit. The strategy of using high permeability material covering the sensor with appropriate area percentage is an effective solution to this problem.
V. Conclusion
The SansEC sensor array used on the surface of composite structures is intended as a means for aircraft protection and as a means for damage detection. This provides many advantages over the traditional metal mesh method. The simulation results indicated that the sensor produced magnetic and electric fields that penetrate into the space beyond the sensor surface. This allows the sensor to detect the inner damage of the composite substrate and detect any structural damage to the sensor trace. The ability of the open circuit resonant sensor to work after sustaining damage makes it especially suitable for aircraft lightning protection and damage detection. The sensor indicates damage to the composite by a frequency shift and higher electric field density in the damaged area, which lays the foundation for damage diagnosis. Experiments were conducted using the conductive composite substrate and the results confirmed the concept of using high permeability material to control the magnetic field coupling between the sensor and the composite. The coupling ratio can be controlled by varying the percentage of the sensor area covered by the high permeability material. This finding confirms the feasibility for damage detection and potential applications on realistic fiber glass composite and carbon composite aircraft structures.
